Much of the literature investigating the implementation of infection prevention bundles to reduce SSIs has focused on the orthopedic patient population or a heterogeneous surgical patient population. In these surgical patient populations, there is strong evidence that preoperative nasal decolonization with antibiotics (e.g., mupirocin) decreases the rate of SSIs. 2, 11, 17, 24 Furthermore, there is robust evidence that preoperative chlorhexidine gluconate (CHG) bathing also decreases the rate of SSIs in these surgical patient populations. 15, 28 SSIs are a known potential complication following spine surgery, particularly when instrumentation is employed. Most studies report the incidence of SSIs following spine surgery to be anywhere between 0.5% and 5%. 12, 13, 16, 19 However, there exists a lack of literature on the implementation of infection prevention bundles to reduce SSIs specifically in patients undergoing spine surgery, although there has been discussion of the potential benefits of such bundles in spine surgery patients.
6,29
Besides formal infection prevention bundles, the literature has not adequately explored the effect of physician awareness of interventions on health care risks such as SSIs. It is plausible that such physician awareness interventions are an effective adjunct to mandatory interventions to reduce health care treatment risks, particularly given the demonstrated effect of physician awareness with regards to prescription drug and diagnostic test costs. This is further supported by the notion that surgeons may often not be aware of their own, independently adjudicated postoperative infection rates. 1, 10, 21, 23 The purpose of this study was to specifically examine the effects of implementation of an infection prevention bundle and at the same time an increased physician awareness to improve postoperative outcomes and reduce costs for spinal fusion surgery.
Methods
Within the department of neurological surgery at a single institution, Surgical Care Improvement Project (SCIP) measures (prophylactic antibiotic, appropriate hair removal) had been in place since 2004, with documentation of infection rates relating to spinal fusion surgery since 2007.
In 2011, a multispecialty committee recommended the following preoperative spinal fusion surgery infection control measures to physicians: 1) 4% CHG preoperative bathing for 5 days ($3.31 per bottle; Exidine Scrub Solution 4%; Becton, Dickinson and Company), 2) nasal screening for Staphylococcus aureus preoperatively with administration of 2% mupirocin ointment for nasal decolonization for 5 days for positive tests (approximately $20), 9,11 and 3) CHG-alcohol as the standard preoperative preparation unless contraindicated.
Once the preoperative bundle was firmly in place and physicians were comfortable with it, in 2013, the following additional postoperative measures were recommended: 1) requiring sterile technique for surgical dressing changes, 2) requiring dressings to be changed daily for 7 days after spine surgery, and 3) standardization of dressing changes.
Besides overall infection rate tracking, infection rates were tracked for individual neurosurgeons who complied with these measures (protocol) as well as neurosurgeons who did not comply with these measures (control).
Physician awareness was also implemented in 2015 in which all attending neurosurgeons (both protocol and control groups) and residents were informed of their individual infection rates for spinal fusion surgeries and their infection rate ranking when compared with their colleagues. These initiatives were discussed in both resident and faculty departmental quality improvement conferences. Infections were independently adjudicated by infection control staff for individual residents and faculty based on the Centers for Disease Control and Prevention's National Healthcare Safety Network definitions of an SSI.
Results

Overall Infection Rates
From January 2007 to February 2011, the baseline infection rate for spinal fusion surgery in the department of neurological surgery among all neurosurgeons averaged 1.3% (111 infections/8751 procedures). The overall spinal fusion infection rate had also been steadily rising over In an attempt to combat this rise in neurosurgical spinal fusion infection rates, spine infection control measures were begun in March 2011 that included 4% CHG preoperative bathing, nasal screening for and decolonization of S. aureus, and CHG-alcohol for preoperative preparation. However, despite these measures, the average spine surgery infection rate from March 2011 to December 2012 for all neurosurgeons increased to 3.3% (69 infections/2108 procedures) (risk ratio 2.58; 95% CI 1.92-3.47; p < 0.0001). At this time, surgeon compliance with the bundle was less than 50%, and several measures were implemented to increase compliance.
Consequently, in January 2013, additional spine infection control measures were recommended, including sterile technique for surgical dressing changes, dressings to be changed daily for 7 days postoperatively, and standardized dressing changes. The infection rate declined from 3.3% to an average of 2.3% from January 2013 to April 2015 (108 infections/4676 procedures) (risk ratio 0.71; 95% CI 0.52-0.95; p = 0.03).
Finally, a physician awareness program was implemented in May 2015 in which all attending neurosurgeons and residents were individually ranked based upon their infection rates and received an email copied to the department chair of any newly occurring infections. The infection rate trended downward from 2.3% to an average of 1.5% between May 2015 and July 2016 (22 infections/1474 procedures) (risk ratio 0.65; 95% CI 0.41-1.02; p = 0.07) (Fig. 1) .
While the 1.3% baseline overall spine surgery infection rate was not significantly different from the 1.5% average infection rate from May 2015 to July 2016 (risk ratio 1.18; 95% CI 0.75-1.85; p = 0.57), there was a significant 54% decline in the infection rate from when preoperative infection control measures were recommended (3.3%; March 2011 to December 2012) to when both postoperative dressing and physician awareness were also in place 
Protocol Cohort
In addition to observing the overall spinal fusion surgery infection rate, an aim of the investigation was to determine the infection rate for neurosurgeons in the protocol versus those in the control cohort, namely those who complied with the infection prevention bundle and those who did not.
From January 2007 to February 2011, the baseline infection rate for protocol participants averaged 3.0% (64 infections/2108 procedures). When preoperative infection control measures were recommended, the infection rate for neurosurgeons in the protocol cohort trended upward to 3.8% from March 2011 to December 2012 (61 infections/1622 procedures) (risk ratio 1.24; 95% CI 0.88-1.75; p = 0.26).
After postoperative surgical dressing measures were recommended, the average infection rate trended downward from 3.8% to an average of 2.9% from January 2013 to April 2015 (93 infections/3260 procedures) (risk ratio 0.76; 95% CI 0.55-1.04; p = 0.1) When a physician awareness program was implemented, the infection rate further trended downward from 2.9% to an average of 2.1% from May 2015 to July 2016 (17 infections/829 procedures) (risk ratio 0.72; 95% CI 0.43-1.2; p = 0.25) (Fig. 2) .
While the 2.1% average infection rate from May 2015 to July 2016 was only slightly lower than the 3.0% baseline spine surgery infection rate for those in the protocol (risk ratio 0.68; 95% CI 0.40-1.12; p = 0.18), there was a significant 45% decline in the infection rate from when preoperative infection control measures were recommended 
Control Cohort
From January 2007 to February 2011, the baseline infection rate for those in the control cohort averaged 0.7% (47 infections/6643 procedures). Subsequently, preoperative and postoperative infection control measures were recommended within the department, with which the control group did not comply. When preoperative infection control measures were recommended, the infection rate for the control cohort increased to 1.6% from March 2011 to December 2012 (8 infections/486 procedures) (risk ratio 2.33; 95% CI 1.1-4.9; p < 0.05).
After postoperative surgical dressing measures were recommended, the average infection rate decreased from 1.6% to an average of 1.1% from January 2013 to April 2015 (15 infections/1416 procedures) (risk ratio 0.64; 95% CI 0.27-1.5; p = 0.43). When physician awareness was added, the infection rate again marginally decreased from 1.1% to an average of 0.8% from May 2015 to July 2016 (5 infections/645 procedures) (risk ratio 0.73; 95% CI 0.27-2.0; p = 0.71) (Fig. 3) .
While the 0.7% baseline spine surgery infection rate for the control group was not significantly different from the 0.8% average infection rate from May 2015 to July 2016 (risk ratio 1.08; 95% CI 0.43-2.7; p > 0.5), there was a downward trend in infection rate from when preoperative infection control measures were recommended (1.6%; March 2011 to December 2012) to when both postoperative surgical dressing measures and physician awareness were also in place (0.8%; May 2015 to July 2016) (risk ratio 0.47; 95% CI 0.16-1.43; p = 0.28). 
Infection Cost Savings: Protocol Cohort
Using an average inpatient hospital cost of $19,400 for treating postoperative spinal fusion surgery infections, the estimated annual infection treatment cost for neurosurgeons in the protocol cohort was calculated for the baseline period (January 2007 to February 2011), the period when preoperative infection control measures were recommended and initiated (March 2011 to December 2012), and the period after both postoperative surgical dressing measures and physician awareness were implemented (May 2015 to July 2016). In this calculation, infection and procedure numbers were annualized and the number of infections were further adjusted based upon the ratio of the annualized volume of procedures between the two periods being compared. The average inpatient hospital cost of $19,400 was derived from collecting actual inpatient costs from patient encounters with the Division of Infectious Diseases. This average cost represents all direct and semivariable hospital costs accumulated by these patients while they were treated for infections within the hospital. When comparing the baseline period to the period after both postoperative surgical dressing measures and physician awareness were in place, the estimated average annual cost savings was $97,000 from preventing postoperative spine surgery infections. When comparing the period when preoperative infection control measures were recommended to the period after both postoperative surgical dressing measures and physician awareness were in place, the estimated average annual cost savings was $291,000 from preventing postoperative spine surgery infections. As outpatient costs were not readily accessible, this is likely an underestimate of the true total costs since it only incorporates inpatient costs. Furthermore, these are only direct costs and not indirect costs to patients and their families.
Discussion
This study presents a novel investigation within the subspecialty field of neurosurgery that examined the effects of infection prevention protocol measures as well as individual physician awareness on infection rates and related cost reduction for spinal fusion surgery. The study found mixed results with regards to the various interventions implemented over the time period examined. Considering those in the protocol cohort who complied with the infection prevention bundle, preoperative infection prevention measures did not appear to be effective, as the infection rate actually trended upward from a 3.0% baseline to 3.8% after these measures were implemented. However, infection rates did trend downward when postoperative surgical dressing was implemented, from 3.8% to 2.9%, and then trended downward further to 2.1% after a physician awareness program was initiated. This resulted in a statistically significant 45% overall reduction in the infection rate following the implementation of postoperative surgical dressing measures and physician awareness (3.8% to 2.1%). Moreover, an associated annual inpatient cost savings of $291,000 was noted. This same statistically significant reduction in infection rates as a result of postoperative surgical dressing measures and physician awareness was not observed for neurosurgeons in the control cohort but was observed for the overall infection rate (3.3% to 1.5%).
Infection Control Protocols
Within the realm of spine surgery, there is a paucity of literature on the implementation of infection prevention bundles to decrease the rate of postoperative infection. Most of the literature that does exist revolves around the use of intraoperative vancomycin or other specific individual measures to reduce the risk of SSI. While some of these studies have found a benefit to using intraoperative vancomycin during spine surgery, 3, 4 others have found no difference in the incidence of SSI between patients who receive intraoperative vancomycin and those who do not. 20, 27 Moreover, there is some evidence suggesting that the use of intraoperative vancomycin is associated with increased complications, which further brings into question the benefits of topical vancomycin as a tool to reduce the rate of SSIs in spine surgery. 8, 14 Considering that the benefits of vancomycin in preventing SSIs are unclear in spine surgery, it is only reasonable to investigate the use of infection prevention bundles as a method to reduce the rate of SSIs, which has been performed in the present study. In surgical patient populations other than spine surgery, randomized controlled trials already exist that demonstrate the ability of preoperative nasal decolonization with antibiotics and CHG bathing to reduce the rate of SSIs. 2, 11, 28 One recent study did report the use of an infection prevention bundle to reduce SSIs in spine surgery. In this study, Featherall et al. found that an infection prevention bundle reduced the rate of postoperative infection in spine surgery by 52%, from 4.12% to 2.0%, with an average infection treatment cost of $25,962. 7 Interestingly, the results of the present study somewhat contradict those of the Featherall et al. study in that we did not observe a reduction in infection rate following the implementation of preoperative prevention measures, including nasal decolonization with antibiotics and CHG bathing. In fact, we actually observed an upward trend in the infection rate for neurosurgeons in the protocol cohort and a significant increase in the overall infection rate following the implementation of these measures. However, unlike the Featherall et al. study, we subsequently included standardization of dressing changes and required dressing to be changed daily for 7 days following spine surgery. These postoperative surgical dressing measures were associated with a downward trend in the infection rate for neurosurgeons in the protocol cohort and significantly decreased the overall infection rate, suggesting that postoperative surgical dressing measures may be more effective in preventing SSI than preoperative nasal decolonization/ CHG bathing in spine surgery.
Another potential explanation for the difference in our results compared with those of the Featherall et al. study relates to compliance rates. When the preoperative infection bundle was implemented from March 2011 to December 2012, compliance was less than 50%, which could partially explain the initial rise in infection rates. Given the predominance of evidence demonstrating the ability of preoperative infection control measures to reduce the rate of SSIs in other surgical specialties, we continued with the preoperative bundle and added a postoperative bundle and physician awareness program as well. Compliance was higher during these time periods from January 2013 to April 2015 (postoperative bundle added) and from May 2015 to July 2016 (physician awareness added). Ultimately, this increase in compliance resulted in a statistically significant reduction in the infection rate following the implementation of postoperative surgical dressing measures and physician awareness for protocol cohort.
Despite this increase in compliance, one might still expect the infection rate from March 2011 to December 2012 to have at least remained the same, not increased, with the implementation of preoperative infection control measures. However, it is important to note that the annual overall infection rate was steadily rising during the baseline period from 0.8% in 2007 to 2.9% in 2011, which provided the initial impetus for implementation of preoperative infection control measures. As such, perhaps this first set of preoperative infection control measures may not have been sufficient to halt the increase in infection rates. 
Infection Prevention Cost Savings
The associated annual inpatient cost savings from reducing the rate of infections was calculated using an average inpatient hospital cost of $19,400, which was derived from actual inpatient costs from patient encounters with the Infectious Diseases service. Although our calculations of cost savings are simply estimates, the average inpatient hospital cost of treating infection is similar to the Featherall et al. reported average infection treatment cost of $25,962. We also ensured to control for number of months and case volume during a time period by annualizing infection and procedure numbers and further adjusting the number of infections based on the ratio of the annualized volume of procedures between the two periods being compared.
Infection Control via Physician Awareness
In this study, a physician awareness intervention program was initiated in which individual neurosurgeons were informed of personal infection rates for spine surgeries and their infection rate ranking was compared with that of their colleagues. All initiatives were discussed in both resident and faculty departmental quality improvement conferences. Through effective transmission of knowledge, facilitation of reflective practice through feedback, and establishment of a supportive environment, we believe that physician awareness contributed to the reduction of postoperative infection rates and associated costs. 26 We observed a statistically significant decline in the infection rate for protocol cohort from when only preoperative infection prevention measures were in place to when both postoperative surgical dressing measures and physician awareness were added. Thus, our results support that concomitant implementation of an infection prevention bundle and physician awareness is a most effective strategy. As for neurosurgeons in the control group, there was only a downward trend rather than a statistically significant reduction in the postoperative infection rate during the same time periods. Though this comparison was not sufficiently powered to detect a statistical difference due to the lower number of procedures and postoperative infections, it supports the idea that physician awareness alone may not be sufficient to prevent SSIs.
Limitations
The present study does have limitations, most notably that this was not a randomized controlled study. It is plausible that factors other than the infection prevention bundle implemented could be truly responsible for the reduction in postoperative infection rates that were observed. Although we do not believe there were significant differences in case complexity or patient comorbidities over time, our study does not account for the possibility that simpler operations and healthier patients could be driving the reduction in postoperative infection rates. Even if there was no change in case complexity or patient comorbidities over time, an increase in minimally invasive surgeries over time could be responsible for the decrease in infection rates, as these surgeries have been shown to be associated with lower postoperative infection rates in the literature. 5, 18, 22 Another potential confounding factor in this study is the use of intraoperative vancomycin powder for postoperative SSI prophylaxis. While some neurosurgeons in our department do use intraoperative vancomycin during spine surgery, it is not a mandated intervention or routinely used. Therefore, we did not investigate the effect of vancomycin powder usage on infection rates in the present study. We must also acknowledge that possible confounding factors such as the ones discussed above are also a limitation when comparing the protocol and control cohorts. For instance, the control cohort had a lower baseline infection rate (0.7%) than the protocol cohort (3.0%), which may indicate differences in case complexity, surgical approach, or patient comorbidities. These factors may have also changed differently over time in the protocol and control cohorts, which further limits comparison of the two groups.
Therefore, future randomized controlled experiments within spine surgery might be performed to control for confounding variables and determine the isolated effect of an infection prevention bundle and physician awareness on postoperative SSI rates. Future studies would also benefit from data on speciation of isolated organisms and their sensitivities to various antibiotics to better understand the specific types of bacteria that are being controlled more effectively with the proposed interventions.
Conclusions
Unique spine surgery infection control measures combined with physician awareness successfully decreased postoperative SSI, thereby also resulting in significant cost savings. Consequently, the spine surgery infection control measures presented here should be employed routinely to reduce surgical treatment risk, while physician awareness should be used as a supplement to further improve surgical safety and reduce costs.
